Younger adults with anxiety disorders are known to show an attentional bias toward negative information. Little is known regarding the role of biased attention in anxious older adults, and even less is known about the neural substrates of any such bias. Functional magnetic resonance imaging (fMRI) was used to assess the mechanisms of attentional bias in late life by contrasting predictions of a top-down model emphasizing deficient prefrontal cortex (PFC) control and a bottom-up model emphasizing amygdalar hyperreactivity. In all, 16 older generalized anxiety disorder (GAD) patients (mean age ¼ 66 years) and 12 non-anxious controls (NACs; mean age ¼ 67 years) completed the emotional Stroop task to assess selective attention to negative words. Task-related fMRI data were concurrently acquired. Consistent with hypotheses, GAD participants were slower to identify the color of negative words relative to neutral, whereas NACs showed the opposite bias, responding more quickly to negative words. During negative words (in comparison with neutral), the NAC group showed PFC activations, coupled with deactivation of task-irrelevant emotional processing regions such as the amygdala and hippocampus. By contrast, GAD participants showed PFC decreases during negative words and no differences in amygdalar activity across word types. Across all participants, greater attentional bias toward negative words was correlated with decreased PFC recruitment. A significant positive correlation between attentional bias and amygdala activation was also present, but this relationship was mediated by PFC activity. These results are consistent with reduced prefrontal attentional control in late-life GAD. Strategies to enhance topdown attentional control may be particularly relevant in late-life GAD treatment.
Introduction
In younger anxious individuals, attention is inordinately captured by negative cues, giving rise to an attentional bias. [1] [2] [3] Despite the fact that anxiety disorders are prevalent in older adults, 4 the impact of aging on attentional bias has received very little attention from researchers, with only 3 published studies [5] [6] [7] as compared with 4200 studies in younger adults. 1 Older adults who are not assessed or selected for anxiety have been shown to differ from younger adults in their attention to emotional stimuli. In particular, when presented with positive, negative and neutral information, older adults are more likely than younger adults to allocate processing resources toward positive information, and away from negative. 8, 9 This 'positivity effect' could affect the attentional profile of older adults with clinical anxiety, warranting studies focused specifically on this age group.
Although in younger anxious samples, threat-related attentional bias is well established, there is no consensus regarding the cognitive mechanism that best accounts for the bias. 1 Theoretical models differ in the extent to which they emphasize bottom-up processing, which is stimulus driven, rapid and typically occurs outside conscious volition and awareness, and top-down processing, which is driven by task demands and by consciously held goals, beliefs and strategies. Bottom-up and top-down models of bias imply dissociable neural substrates. For instance, an individual with a more reactive bottom-up system working to rapidly identify and orient toward threats 10 would likely demonstrate hyperresponsivity of the amygdala, the principal brain region implicated in the processing of emotional material. 11, 12 Alternatively, an individual with a less efficient top-down executive system, who experiences difficulty implementing and enforcing processing routines relevant to task goals in the face of emotional distracters 13 would likely show a pattern of deficient prefrontal cortex (PFC) recruitment.
14 Given these dissociable neural profiles, neuroimaging studies may be uniquely well suited to clarify the model that best explains attentional bias in a given clinical population.
Few studies to date have examined the neural correlates of bias in clinically anxious samples. In non-clinical samples, the biased competition model of selective attention provides a relevant framework, suggesting an active interplay between bottom-up, sensory-driven mechanisms related to stimulus saliency and top-down mechanisms that implement selective attention through biasing signals. 15 Pessoa et al. 16 showed that this model is relevant to the processing of emotional stimuli and that bottom-up amygdalar responses are indeed subject to top-down control. These findings have been extended in studies of non-clinical samples designed to examine the relationship between anxiety (treated as a continuous variable) and brain activity during attentional bias tasks. For instance, amygdala activity in response to threatrelated distracters has been shown to correlate positively with individual differences in self-reported 'state' anxiety during an attention bias task, whereas self-reported 'trait' anxiety was closely related to impoverished recruitment of top-down prefrontal control regions (lateral PFC, rostral anterior cingulate cortex (ACC)). [17] [18] [19] On the basis of these and related findings, Bishop 20, 21 proposed an integrative neurocognitive account of anxious attentional bias, linking hyperresponsive, bottom-up amygdalar activity to state anxiety and deficient top-down PFC recruitment to trait anxiety. However, these findings have rarely been extended to the domain of treatment-seeking clinical populations.
Study aims. The purpose of this study was to explore the neural substrates of attentional bias in late-life generalized anxiety disorder (GAD), one of the most prevalent psychiatric conditions in older adults 22 and a disorder reliably linked to attentional bias effects in younger samples. 23 Treatment-seeking late-life GAD patients and an age-matched sample of non-anxious control (NAC) participants completed the emotional Stroop (eStroop) task while undergoing a functional magnetic resonance image (fMRI) scan. The GAD group was expected to exhibit longer color-identification reaction times (RTs) during presentation of negative words as compared with neutral, consistent with findings from younger GAD patients, whereas the NAC group was expected to show longer RTs during neutral word presentations (that is, a bias away from negative words), consistent with previous findings in non-anxious older adults. 24 fMRI analyses were designed to test the differing (although not mutually exclusive) predictions of contrasting models of eStroop interference: those emphasizing bottomup mechanisms, which predict amygdala hyperresponsivity to negative words in GAD, and those emphasizing top-down deficits in attentional control, which predict reduced recruitment of PFC regions (for example, ventrolateral, dorsolateral (DLPFC) and medial PFC, including the ACC) during negative words. Supplementary correlation and mediation analyses were designed to explore functional connections between the PFC and amygdala and their relation to behavioral performance. Although all reported findings were derived from whole-brain analyses, the current report focuses on these a priori regions relevant to bottom-up and top-down theoretical models (see Supplementary Information for a comprehensive list of significant clusters).
Materials and methods
Participants. Participants were 16 GAD and 12 NAC participants aged X60 years who comprised a subsample of a larger group recruited for a study of cognitive-behavioral therapy for late-life GAD (n ¼ 77). 25 Study procedures were approved by the Institutional Review Board of the University of Medicine and Dentistry of New Jersey and Rutgers University. GAD participants were required to be free of any current comorbid axis I diagnosis and free of any major depressive episodes 'the past 5 years, as assessed by Structured Clinical Interview for DSM-IV. 26 The non-anxious sample was required to be free of any lifetime axis I diagnosis (for additional clinical assessment and inclusion/exclusion details, see Supplementary Information). The groups were well matched on demographic variables and several self-reported health variables that may influence prefrontal function or the bloodoxygen-level-dependent signal (Table 1) . A combination of four neuropsychological tests was used as a dementia screen. All participants scored at least 25 on the Mini-Mental State Exam and achieved better than 'Borderline' (ninth percentile) scores on the Boston Naming Task 27 and the Verbal Paired Associates and Similarities subtests of the WAIS. 28 Participants also completed the 2-min Stroop ColorWord task, 29 a test of non-emotional inhibitory control. Patients and controls did not differ on any neuropsychological measure (see Table 1 ).
eStroop task. The eStroop task 30 is one of the most widely used paradigms in studies of attentional bias. The task requires participants to indicate the ink color of negative and neutral words as quickly as possible. Increased color-naming RTs during negative words are interpreted as an index of biased attention, suggesting that emotional information has captured processing resources despite its irrelevance to task performance. The limited late-life studies to date suggest that eStroop may elicit hypothesized biases in older adults more reliably than other widely used attentional bias tasks such as the dot probe, [5] [6] [7] 31 perhaps because of its ability to capture interference flexibly on whatever time frame is suited to a participant's overall processing speed. 6 The eStroop task was administered using a Dell desktop computer and E-Prime software (Psychology Software Tools, 6 words were printed in red or green ink and participants responded by pressing a button with their right (red) or left (green) thumb. To maximize behavioral effect sizes, 1 trials were presented as alternating blocks of negative and neutral words-16 words per block, 8 blocks in the experimental run. An equivalent number of negative and neutral words were presented in each color. Each trial began with a 1000-ms fixation crosshair, followed by a 2000 ms word presentation. For ease of interpretation, RT bias scores were calculated by subtracting each participant's mean RT for neutral words from his/her mean RT for negative words.
fMRI procedure. Images were acquired using a 3-T head-only Allegra scanner (Siemens Medical Systems, Ehrlangen, Germany) equipped with a fast gradient system for echoplanar imaging. Head motion was restricted using a standard radiofrequency head coil with foam padding. A threedimensional T1-weighted magnetization-prepared rapid gradient echo imaging sequence was used to acquire a highresolution anatomical scan for spatial normalization. Functional images were acquired using a T2*-weighted echoplanar imaging sequence fMRI data analysis. Functional MRI data were processed offline using Statistical Parametric Mapping software (SPM5; Wellcome Department of Imaging Neuroscience, London, UK) and associated toolboxes. Functional volumes were slice time corrected and spatially realigned to correct for motion. Data sets that exhibited movement of 43 mms or 31 of rotation (n ¼ 2) were not included in the final sample described in Table 1 . The magnetization-prepared rapid gradient echo imaging was linearly co-registered to the functional images. To compensate for heterogeneity of brain anatomy, which increases with age, SPM5's DARTEL toolbox was used to create a custom template and normalize functional and anatomical scans to Montreal Neurologic Institute space. 32 The DARTEL algorithm performed favorably in a recent comparison of 14 nonlinear deformation algorithms for brain image registration, particularly when applied to a data set with a wide age range. 33 Normalized functional images were spatially smoothed with an 8-mm fullwidth half-maximum Gaussian kernel.
A whole-brain general linear model approach was used to identify voxels the activity of which covaried in time with the emotional valence of eStroop stimuli. Although trials were presented in a block design, an event-related analysis was used to model the onset time of each trial as a distinct event. This approach may provide a more accurate model of the hemodynamic response and capture a greater degree of task-related variance in comparison with a conventional boxcar regressor approach for block designs. 34 Consistent with an increase in power from this approach, whole-brain conventional block design analyses yielded a similar but slightly more constrained pattern of findings than those reported here. Task-related activity was modeled by convolving a vector of the trial onset times with a canonical hemodynamic response function. A 128-s high-pass filter and motion parameters were included as nuisance covariates. Negative4neutral contrast maps were created for each individual at the single-subject level and then subjected to random effects group-level analysis, with each individual's average RT across all trials included as a nuisance covariate. Adding age, gender or Beck Depression Inventory (BDI) scores as additional covariates in group-level analyses did not have a substantial effect on the clusters observed in any analysis (see Supplementary Information).
Thresholds for multiple comparison correction were derived using AlphaSim (http://afni.nimh.nih.gov/pub/dist/doc/manual/AlphaSim.pdf), a Monte Carlo simulation program in the AFNI library. For a given voxel-wise probability threshold and a given search space (such as the whole brain or a subregion of interest), this method derives the cluster volume needed to hold the false-positive rate for cluster detection at a desired level. Using a voxel-wise threshold of Po0.005, a cluster volume threshold of 102 contiguous 2-mm 3 voxels was determined necessary to hold the probability of map-wise false-positive detection at Po0.05 in whole-brain analyses. Owing to an a priori interest in the amygdala, a small volume correction was applied to this region using an anatomical region of interest (ROI) mask for the left and right amygdalae created in SPM's Anatomy toolbox (http://www.fz-juelich.de/ inb/inb-3/spm_anatomy_toolbox). Using a voxel-wise threshold of Po0.005, a cluster volume threshold of 17 contiguous voxels was derived for the amygdala using AlphaSim.
Correlation and mediation analysis. Correlations across brain regions, and between brain regions and RT bias scores, were calculated as Pearson's r. The Multilevel Mediation and Moderation Toolbox (http://www.columbia.edu/cu/psychology/ tor/mediation.html) was used to conduct statistical tests of correlation coefficients and to perform single-level mediation analysis based on a standard three-variable path model 35 with an additional test for the indirect effect of the mediator (see Supplementary Information) . In mediation analyses, given that sample sizes were small, hypotheses in these analyses were clearly directional, and a conservative definition of mediation was used, significance tests were one-tailed. All other reported P-values are two-tailed.
Results
Behavioral results. As hypothesized, the GAD group exhibited a positive RT bias score (mean ¼ 11.94 ms, s.d. ¼ 32.4), indicating greater interference from negative words than from neutral, whereas the NAC group exhibited a negative bias score (mean ¼ À10.91 ms, s.d. ¼ 20.6), indicating increased task efficiency during negative items as compared with neutral (between-groups t 26 ¼ 2.14, P ¼ 0.04).
fMRI results
Between-group results. Regions showing group differences in the neural response to negative vs neutral words are presented in Table 2 . Consistent with a top-down deficits model, the NAC group exhibited larger negative vs neutral contrast values than did the GAD group in two PFC regions: the left DLPFC and the right rostral DLPFC (Figure 1) .
Applying a small volume correction to the amygdala revealed a cluster in the left basolateral amygdala for which the GAD group showed greater negative vs neutral contrast values than did the NAC group (peak voxel z ¼ 3.10, Po0.001; n ¼ 18; map-wise P ¼ 0.04).
Within-group results. Brain regions showing differential activity as a function of valence (negative vs neutral) are presented separately for each group in Table 3 . In the GAD group, no significant clusters were found exhibiting greater activity during negative than neutral words. Two PFC clusters exhibited decreased activity during negative words as compared with neutral: the right and left DLPFC (Figure 1 ).
In the NAC group, two PFC regions showed greater activity during negative words than neutral: the bilateral rostral DMPFC and left ventrolateral PFC (Figure 1 ). An emotional processing cluster encompassing portions of the left basolateral amygdala, hippocampus and temporal pole showed decreased activity during negative words as compared with neutral.
Applying a small volume correction to the amygdala did not reveal any new significant findings for any contrast, although this analysis confirmed that the amygdala/hippocampus cluster identified in the NAC group analysis above was significant when considering voxels in the amygdala only.
We conducted additional within-group analyses to explore whether the PFC findings revealed in between-groups analysis were better explained by PFC increases during negative words in the NAC group, PFC decreases during negative words in the GAD group or both. The search space for these analyses was restricted to functional ROIs defined as all suprathreshold voxels in the left DLPFC and right rostral DLPFC clusters shown in Table 2 , using cluster extent thresholds derived by AlphaSim to hold Po0.05 within the search space. These analyses revealed significant clusters within the left DLPFC ROI (peak voxel: x ¼ À54, y ¼ 22, Correlation and mediation analysis. Correlation analyses were used to test whether greater RT bias would be related to reduced activation of PFC regions and/or increased activation of the amygdala. On the basis of both within-and between-group findings, functional ROIs were created for all clusters lying in the PFC (six clusters) or the amygdala (two clusters). The mean negative4neutral contrast value across all supratheshhold voxels in a given cluster was extracted for each individual. Across all participants, RT bias scores were negatively correlated with contrast values in numerous PFC ROIs, including the DMPFC (r ¼ À0. amygdala activity led to increased RT bias only to the extent that right DLPFC recruitment was deficient.
Discussion
As predicted, the eStroop elicited opposing patterns of behavior in late-life GAD patients and age-matched NACs, with negative words eliciting task interference in the GAD group while facilitating task performance in the NAC group. These findings support the existence of an attentional bias in late-life GAD similar to that seen in younger GAD patients performing the eStroop. 23 The neural substrates of this eStroop effect were most consistent with a top-down deficits model of attentional bias. Negative words elicited increased activity in PFC control regions (DMPFC, left ventrolateral PFC) in the NAC group only, consistent with previous findings from non-anxious younger adults. 36 The GAD group not only failed to match this pattern of PFC recruitment but in fact also showed decreased activity during negative words in bilateral DLPFC regions (Table 3 ; Figure 1 ), suggesting a deficit in the ability to implement top-down attentional control in the face of negative emotional distracters. These opposing patterns of PFC recruitment across the two groups were also evident in a direct between-groups comparison, which showed reduced recruitment of the bilateral DLPFC in the GAD group as compared with NACs (Table 2; Figure 1 ). In the left DLPFC in particular, betweengroup differences were jointly explained by increases to negative words in the NAC group and decreases to negative words in the GAD group, suggesting a pronounced difference in the way this region responds to negative information in the context of clinical anxiety.
The PFC regions that were increased during negative words in the NAC group (DMPFC, ventrolateral PFC) or decreased during negative words in the GAD group (DLPFC) have each been widely implicated in top-down control over stimulus processing, [37] [38] [39] and specifically in studies of top-down negative emotion reduction, 40 including studies of explicit cognitive reappraisal, 41, 42 as well as more implicit forms of emotion regulation such as affect labeling 43 and mindfulness meditation. 44 Thus, these findings imply a deficit in such inhibitory functions in late-life GAD.
It is notable that PFC hypoactivity was seen in the current context, whereas PFC hyperactivity has characterized GAD during prolonged task states such as worry 45 and rest. 46 The eStroop task involves an explicit goal of identifying word color as quickly as possible, whereas other goals that subserve this aim, such as rapid inhibition of emotional responses, are likely to be implicitly (non-consciously) held. Consistent with our findings, previous studies assessing implicit emotion regulation during early stages of stimulus processing (including one previous study of the eStroop) have shown a pattern of PFC deficits in samples of younger adult GAD patients 47 and college undergraduates with high scores on a worry questionnaire. 48 Thus, implicit top-down emotion regulation during the first several seconds of stimulus processing may be impaired in GAD across the lifespan, necessitating the use of compensatory regulatory strategies during later, prolonged and/or explicit stages of processing. It is also notable that GAD participants' performance on the Stroop Color-Word task, 29 a test of non-emotional inhibitory control, was equivalent to that of NACs ( Table 1 ), suggesting that inhibitory deficits are not a generalized feature of late-life GAD, but emerge specifically when negative emotional content competes for processing resources.
There were no significant findings in an additional PFC region expected to be relevant to eStroop performance, the ACC, a region implicated in attention and in emotion regulation. 49 ACC activation has been elicited by emotional interference in some [50] [51] [52] but not all 36, 53, 54 previous eStroop studies. In this study, the block design or relatively long duration of the task may have contributed to the null findings, given that ACC activation degrades with practice 55 and when distracting information is presented frequently (for example, in a block). 56 Amygdala findings. In comparison with the NAC group, the GAD group showed a larger response to negative words (relative to neutral) in the left amygdala (Table 2 ). However, this group difference was driven by the NAC group, who showed decreases in the left basolateral amygdala and left hippocampus during negative words (Table 3) , rather than by increases in the GAD group. The lack of amygdala increase in the GAD group is contrary to the predictions of a bottom-up model of eStroop interference. It is unlikely that this null finding is due to age-related structural or functional degradation, as previous studies in older adults have shown that the amygdala remains responsive to positive 24 and novel 57 stimuli. No study of adult GAD to date has shown the predicted profile of amygdala hyperresponsivity to negative-vs-neutral material that is a consistent hallmark of many other anxiety disorders, 58 although some studies have shown a nonspecific increase in amygdala responses to all stimulus conditions. 47, 59 Thus, available neuroimaging findings in GAD point to a unique neurocognitive profile in which PFC mechanisms may have a larger or more singular role than in other forms of clinical anxiety. Consistent with prominent cognitive models of GAD, 60 prefrontal phenomena such as worry and aberrant top-down attentional control may define the disorder more reliably than do hyperreactive emotional and physiological responses.
In the NAC group, the decreased activity observed in the left amygdala also extended into portions of the left hippocampus, a region associated with contextual and declarative memory that has reciprocal connections to the amygdala. 11, 61 Previous neuroimaging studies have suggested that the ability to inhibit emotional episodic memories is associated with frontal inhibition of the hippocampus and amygdala. 62, 63 Thus, the pattern of increases and decreases observed in the NAC group, in conjunction with NAC behavioral findings, is potentially consistent with the 'positivity effect' literature. NAC participants seemed to inhibit sustained emotional processing of negative material and, potentially, related episodic memories, which were irrelevant to the task at hand (color identification) and had the potential to negatively impact mood.
Correlation and mediation findings. Correlation and mediation analyses were used to explore functional connectivity in the PFC-amygdala circuit. Consistent with a top-down deficits model, the degree to which PFC control regions were successfully brought online seems to have been an important determinant of how quickly coloridentification responses were made in the context of emotional distraction. Negative4neutral contrast values in numerous PFC regions were negatively correlated with RT bias scores across all participants, and one PFC region in particular (the right DLPFC) also exhibited an inverse functional connection with the left amygdala (Figure 2) , providing three interrelated variables for mediation analysis. Although contrast values from the left amygdala were positively related to bias, this relationship was mediated by right DLPFC decreases, suggesting that amygdala increases led to increased RT bias only in the context of deficient DLPFC recruitment. Although no direct anatomical connections link the DLPFC and amygdala, previous work has suggested the DLPFC nevertheless has an important role in cognitive control of emotion. 14, 42, 64 Thus, top-down control mechanisms once again appeared central to the emergence of RT bias in the present sample.
Limitations. As study hypotheses pertained to the effects of anxiety rather than to the effects of aging, no younger adult comparison group was included. The age specificity of the present findings therefore requires further investigation. Although sample sizes were small, the detection of predicted effects suggests that the study was adequately powered to test hypotheses, and correlational/mediational analyses made use of the larger, combined sample (n ¼ 28). However, the multiple comparisons correction approach we used restricts our ability to detect small clusters of activation (no102 voxels) within the whole-brain search space. Finally, in mediation analyses, establishing the temporal sequence of neural events based on an indirect, hemodynamic measure (blood-oxygen-level-dependent signal) presents inherent difficulties. Future studies should aim to build on these findings using experimental designs, for instance, by experimentally manipulating the PFC through brain stimulation.
Conclusions. In summary, results of the current investigation suggest that older adults with GAD show an abnormal attentional profile linked to impoverished recruitment of prefrontal attentional control regions, consistent with a topdown model of attentional bias. The presence of top-down deficits in late-life GAD suggests that treatment strategies designed to target top-down mechanisms, such as repeated practice in executive attention skills 65 or 'attention training' strategies that aim to build a more benign attentional profile through repeated practice, 66, 67 may be fruitful avenues for improving treatment outcomes in this prevalent, disabling, understudied and difficult-to-treat late-life disorder.
